Abstract-This paper addresses handoff management in a multifrequency code-division multiple-access system with nonuniform traffic loads over cells. We propose a new handoff scheme, called here adaptive handoff management (AHM), in which the intercell hard handoffs, not only incurring equipment cost burden but also degrading call quality, are totally removed. Also strengthened in the AHM is the call-control capability of adaptively reflecting a changing traffic environment. Traffic and mobility analysis is first conducted on a single isolated cell with two cocentered circle boundaries, thereby rendering two key performance measures. We then formulate a mathematical problem of finding optimal parameters of the proposed AHM in which intracell hard handoffs are exploited most effectively. After reporting a simple solution process, computational experiments are conducted to illustrate the superiority of AHM in two key performance criteria.
I. INTRODUCTION
I N A real-world code-division multiple-access (CDMA) system in operation, the numbers of frequencies (or frequency assignments as used by service providers) assigned to cells often vary owing to unbalanced traffic loads imposed on cells [1]- [4] . Since the same frequency can be used at neighboring cells, a designated single frequency is commonly used at all cells in the whole service area at the initial phase of CDMA service provision. Cells are then assigned further frequencies in accordance with the level of demand increase therein, rendering the nonuniform multifrequency assignments over cells.
In this multifrequency CDMA system, there often occurs the intercell hard handoff (RHH) that a mobile station (MS), when crossing a cell boundary, is handed off to not only a target cell but also a different frequency used at the target cell. The occurrences of RHHs, however, should be avoided as much as possible from the resulting poor communication quality as compared to the soft handoff (SH) [5] - [7] . Furthermore, implementing an RHH requires that the target cell be time synchronized with the incoming MS [1], [3] . In [1], two implementation schemes for smooth RHH operation have been mentioned: use of the beacon pilot and the round-trip signal delay (RTD). In the former, a beacon should be installed at a cell for each frequency that is not assigned to the cell but to some of its neighboring cells. A beacon at a cell generates a pilot signal to make an incoming MS be synchronized to a new frequency for RHH. This method, though easy to implement, incurs the heavy cost of placing beacon equipment at whichever cells they are required. In the latter RTD scheme, the distance from the current base station (BS) to an MS is estimated from the round-trip delay of radio propagation, with which a verdict is made on whether or not the MS is located in the handoff region. An MS, which has been identified as being in the handoff region but does not listen to any pilot channel, is ordered by the BS to instantaneously perform an RHH without any knowledge on the target cell and the frequency to jump onto. So, with the RTD scheme alone, a number of RHHs may be attempted in vain until the MS finds both the target cell and the frequency. To offset such quality degradation of the RTD scheme, one may install an extra receiver at each neighboring cell for exchanging control information, as proposed in [3] , with heavy cost incurred.
In an attempt to remove the occurrences of such undesirable RHHs in a multifrequency environment, this paper proposes a new method of handoff operation, called adaptive handoff management (AHM), incorporating intracell hard handoffs (AHHs). Note that the operation of AHH does not require any additional equipment since it is performed within the cell [1]. Another advantage to note is that the quality of an ongoing call experiencing the AHH is not as degraded as that under RHH.
The organization of this paper is as follows. In Section II, we describe the AHM method. Based on some simplifying assumptions on cell configuration and moving patterns of MSs, the traffic attributes are estimated in Section III. In Section IV, two representative performance measures are given that effectively characterize a multifrequency CDMA system under AHM. Then a mathematical model of finding optimal AHM parameters is presented. In Section V, computational experiences with realistic data are reported to demonstrate the superiority of the AHM method. Conclusions are given in Section VI.
II. HANDOFF MANAGEMENT METHOD
For exposition convenience, we consider a simplified CDMA cellular configuration consisting of seven circular cells, in which the common frequency is used throughout the service area and an additional frequency is assigned only to the cell of interest (center cell), as shown in Fig. 1 . This setting, though simple, has most of the performance-related attributes of a general multifrequency environment, so that its modeling and analysis can easily be extended to a more complicated situation of multifrequency assignments. MSs undergo either type of handoffs when leaving the center cell with two frequencies, unless otherwise specified. One is the SH in which a frequency used by an MS, in Fig. 2 , is present at both the center and the target cells. The other type is the RHH in which the frequency used by an MS, , in the center cell is not supported at the target cell.
Before describing the AHM, the following is defined first. As in [1], the area of the center cell is partitioned into two regions: central and peripheral. The boundary between two regions is configured by the RTD from the serving BS to the MSs, the measurement of which is always possible because the MSs are synchronized to the serving BS. The central region means the one within which the measured RTD of an MS does not exceed a predetermined value, which is denoted by REG1 (Fig. 2) . The peripheral region, defined vice versa, is denoted by REG2. The radii of cell and REG1 are and , respectively.
New calls originated in REG2 as well as inbound handoff calls from outside are assigned , whereas those new calls originated in REG1 . For an MS moving from REG1 to REG2 while being served by , the AHH to frequency is enacted upon crossing the RTD boundary. And for an MS that is currently supported by in REG2 and moving toward REG1, the AHH to is performed randomly with a constant probability upon the MS's boundary crossing. Note that under AHM, the MSs in REG2 are all operated only on , while those in REG1 are operated on both and . Therefore, all intercell handoffs are made by the SH under AHM. The key enabler of intercell SH is the AHH, which can easily be implemented since an MS is already synchronized to the frequency to be handed off [1], [8] . The intercell SHs, called simply SHs in the literature, spend less power than RHHs due to the macro-diversity, rendering the so-called SH gain of increasing system capacity and improving communication quality [7] , [9] , [10] . This beneficial effect of the SH gain, together with the associated low deployment cost, well indicates how advantageous the implementation of AHM will be.
The adoption of AHM, though, would bring forth some negative effects: efficiency decrease in the use of an extra frequency , increase in the interference of the common frequency to neighboring cells, and higher AHH occurrences. This negative impact can be kept within a predefined tolerance limit by adaptively determining the two parameters of AHM, and , to varying traffic environments, which will be detailed in Section IV.
Our task is then to obtain the optimal operation solution of the proposed AHM method and to estimate the overall effectiveness gained therefrom. For that, we need to estimate several traffic attributes, such as the sojourn times of MSs in each of two regions, and to derive interrelations between traffic attributes and performance measures, the problem of which is indeed very complex even for a simple cell with a single circle boundary as manifested in [11] - [13] . In the next section, required traffic analyses are conducted for a cell with two cocentered circle boundaries, given in Fig. 2 .
III. TRAFFIC MODELING

A. New Call Case
Consider a cell, divided into two regions as shown in Fig. 3 , on which MSs are randomly located. Assume that the velocity and the direction of MSs are uniformly distributed, respectively, on intervals [0, ] and [0, 2 ] and that they remain constant during their travels. Then the location of an MS marked by the letter in Fig. 3 is represented by its distance and direction from the BS located at the center of the cell.
Assume that an MS randomly chooses its travel direction. If we define the travel direction of an MS by the absolute angle between its moving direction and the direction from its position to the cell, the uniformly distributed assumption on the travel direction guarantees the independence of variables and . We have its joint probability density function (pdf) as for otherwise.
(1)
Now, consider an MS whose (new) call is generated in region REG1 or REG2. An MS's travel path from its origination point to either boundary will be denoted by ( ). The first element indicates the region of origination, the traversed regions, and the last element represents either the RTD ( ) or the cell boundary ( ). For compact exposition, the Arabic numbers 1 and 2 are used to express the regions REG1 and REG2 and the letters and the RTD and cell boundaries, respectively. Let be the travel distance of the new calls (MSs) with travel path . Hereafter, the quantities pertaining to new calls will be denoted by superscript . For illustration, only the results and the derivation process of the travel path ( ) are now listed. For those of other remaining cases, refer to [14] . Refer to [15] and [16] for similar approaches on other applications.
Starting from location A in REG1, as shown in Fig. 3(a) , the MS's travel distance becomes 
, its pdf is given by (6) as shown at the bottom of the next page, where
B. Handoff Call Case
Consider an MS handed off to the center cell from its neighboring cell (an inbound handoff call). Note that in this case, the range of random variable becomes [ 2 2] and that other assumptions on an MS's moving pattern remain the same as for a new call. Let ( ) be the travel path of an inbound handoff call, assuming that the corresponding MS is generated at the cell boundary, as shown in Fig. 4 . All quantities pertaining to an inbound handoff call will be denoted by superscript . We now list the results of two travel paths ( ) and ( ), with others omitted. By the variable transformation as done for a new call, the pdfs of are given as for (7) from which we have, using the assumption on the moving pattern of an MS, (8) as shown at the bottom of the page, where represents the cell-residence time of an inbound handoff call with the corresponding travel path and 
Now, consider the case of travel path (
). Noting that for (9) and using the same method as the case of ( ), we have the pdf of as shown in (10) 
IV. PERFORMANCE MEASURES AND OPTIMAL OPERATION
A. Performance Measures
In an attempt to quantify the impact of implementing the AHM, we consider two performance measures: the outage probability and the rate of AHH. The outage probability is the probability that servicing an ongoing call is discontinued when a required level of quality service is not guaranteed any further owing to heavy traffic congestion at a cell [6] . The rate of AHH means the number of MSs making AHHs per unit time, which is introduced to identify the level of their negative effect on system performance [1], [8] .
Assume that the duration of a call is exponentially distributed with mean 1 [11] , [17] , [18] and that new and inbound handoff calls at the cell are generated according to independent Poisson processes with rates and , respectively. With denoting the probability that a new call ( ) or an inbound handoff call ( ) with travel path experiences an intra-or an intercell handoff, we have (11) Given two AHM parameters and , the rate of AHH from to is represented by and that in the reverse direction by . With these notations, the following relations are found after some manipulations:
The total rate of AHHs is the sum of and . Now turn our attention to the outage probability. Given the offered load (OL) to the cell in the single-frequency CDMA system, Viterbi et al. [6] obtained an approximated outage probability (OP) as simple as OP (14) where OL OL To exploit this approximate measure, we need to calculate the offered loads of frequencies and . Let the random variable be the minimum of the duration of a call and its travel duration with travel path , that is (15) from which its pdf is obtained as (16) With denoting its mean and given and , we can obtain two offered loads OL and OL , as shown in (17) and (18) at the bottom of the page, where and NOL are, respectively, the interference contribution from and the traffic load offered to an adjacent cell [1], [6] .
Note that the offered load of frequency is calculated by considering the traffic of both neighboring cells and the center cell. But for , we consider only the traffic of the center cell where it is assigned. The outage probability, denoted by , of frequency can now be obtained by (14) and offered loads OL .
B. Optimal Operation
Two performance measures, the outage probability and the rate of AHH, were shown to be obtained when the AHM parameters and are given. In this section, we aim at finding the optimal AHM parameters that minimize the rate of AHH while satisfying the prespecified quality of service (QOS) on the outage probability of each frequency assigned to the center OL NOL (17) OL (18) cell subject to OP OP where OP indicates the prespecified QOS level for frequency . and designate the range within which is allowed to vary in practice. Particularly, should be carefully determined by considering the soft handoff region. The problem ( ) is a nonlinear programming model with both the objective and the constraint functions nonlinear. Furthermore, the explicit forms of these functions with respect to operation parameters are not known. This makes it difficult to find an efficient algorithm in the literature for ( ). A simple search method is instead suggested, in which the range of search is dramatically reduced by Theorem 1 given below. Before presenting the theorem, we need the following Lemma 1: The offered load of frequency OL (respectively, the rate of AHHs ) decreases (respectively, increases) in not only but also .
Validating Remarks: 1) Simple reasoning is provided, avoiding a long and tedious proof. As increases, the occurrences of AHHs to frequency of REG1 would be increased. The offered load of frequency in REG1 becomes lessened, which in turn increases AHHs from REG1 to REG2. Enlarging REG1 by increasing would increase the number of MSs operated on , yielding the same effect as the increase of .
2) The increasing property of OL in both parameters still holds for since defined as such. Theorem 1: Given a total offered load, consider two sets and , respectively, defined by OP OP where . Then, OP OP , for and . If the rate of AHH is, respectively, minimized at and , then
Proof: From the soft capacity of the CDMA system, the traffic offered to the cell should all be carried by either of the two frequencies and . Since the offered load of frequency in set is larger than in set , it is obvious to deduce the first result. For the second result, we start with the case of . We can always find an such that because OP decreases in . By Lemma 1, we have . Consider the other case of . If there exists a parameter such that , then . Otherwise, noting OP , and using the results of Lemma 1, we can always find such that and .
1) Remarks:
This theorem means that the rate of AHHs, , decreases as the relative portion of OL in the total traffic load offered to the center cell increases. There- fore, the optimal solution of problem ( ) would be attained at a feasible solution maximizing OL . 2) Solution Procedure: With this characterization, an optimal solution pair ( ) of problem ( ) can be obtained by searching only candidate pairs ( ), satisfying the QOS constraints, with the largest outage probability of frequency .
V. NUMERICAL EXAMPLES
Consider a CDMA cellular system consisting of seven cells where a common frequency is assigned throughout the system and an additional frequency is assigned to the center cell with radius . The parameter values are arbitrarily chosen to fit the reality s and . Assuming that the rate of new calls at neighboring cells is half that at the center cell, the inbound handoff rate to the center cell is calculated from (11) . The interference contribution from each neighboring cell is assumed to be 6% of that from the current cell [7] .
We first provide empirical evidence of the monotone properties of two performance measures in and . To make the testing meaningful, a heavy traffic environment was considered by setting the new call arrival rate of the center cell at a large value of 1700 calls/h (Figs. 5-8) . With , Figs. 5 and 6 show how both performance measures change in . As increases, the number of calls using increases, making the outage probability of frequency OP larger. Also note that increases in slower than , owing to its lesser dependence on (Fig. 6) .
In Figs. 7 and 8, we show how both measures vary with while is fixed at 0.6. In , the proportion of MSs using ( ) increases (decreases), giving rise to the changing patterns of OP and OP in Fig. 7 . Fig. 8 shows how and change in . The above changing patterns convince us that under the proposed AHM scheme, the interference of frequencies, particularly, , can be kept within a prespecified level while minimizing the occurrences of signaling-overhead incurring AHHs. Focus was thus placed on showing via the experiments how such optimal parameters can be obtained under varied traffic environments with the problem (P). The QOS levels on outage probabilities of both frequencies were uniformly set at 0.02. 9 shows how the optimal parameter values and change in the new call arrival rate. From the resultant curves, the whole range of traffic load can be divided into three subranges. The first subrange, having and , indicates the light load environment in which a single frequency suffices for the traffic demand. The second subrange is with and , which shows the medium level of traffic load requiring two frequencies. In this case, the AHM can be activated, completely removing AHHs from REG2 to REG1. The case of heavy load corresponds to the third subregion with and , in which the AHM reduces the overload on frequency by systematically forcing a larger number of MSs to use the additional frequency . In the AHM, we adjust the parameter of the RTD boundary to take the preemptive responsibility for traffic load increase. As the load increases, is first increased to its largest allowable value, and then the traffic ratio starts increasing to take charge of further load increase. Note that this order of load bearing aims at minimizing the occurrences of AHHs.
The performance characteristics at optimal operation parameters are summarized in Figs. 10 and 11 , which show how the corresponding outage probability and AHH rate, respectively, change in the new call arrival rate.
VI. CONCLUSION
In this paper, we have presented an adaptive handoff management method in a multifrequency CDMA cellular system. The existing handoff methods in a multifrequency system cannot but employ RHHs, which not only incur additional cost burden but also degrade the quality of calls undergoing handoff. But in the proposed AHM method, these undesirable RHHs can be completely removed by introducing AHHs for the MSs crossing the RTD boundary. Another key advantage of using the AHM method is its ability of adaptively changing its two parameters in relation to the traffic environment.
Several traffic attributes were first estimated by analyzing a single isolated cell of cocentered bicircled shape, based on which the performance measures characterizing the multifrequency environment were derived. We then formulated an optimization problem of finding the optimal AHM parameters and observed some interesting properties holding at optimal solutions, thereby dramatically simplifying the associated search process. Extensive computational experiments were conducted, which demonstrate the effectiveness of the AHM method in a multifrequency CDMA cellular system.
The proposed AHM, though greatly advantageous, has some shortcomings, like the degradation of trunk efficiency and the increase in the interference of common frequency to neighboring cells. Therefore, the method is particularly effective where a cell of interest is surrounded by neighboring cells with light traffic, such being quite often encountered in practice. The overall effect of the AHM method on system capacity and the signaling requirements for AHHs would be interesting issues worth investigating.
